We address the phenomenology of light sterile neutrinos, with emphasis on short-baseline neutrino oscillations. After a review of the observed short-baseline neutrino oscillation anomalies, we discuss the global fit of the data and the current appearance-disappearance tension. We also review briefly the effects of light sterile neutrinos in β decay, neutrinoless double-β decay and cosmology. Finally, we discuss the future perspective in the search for the effects of eV-scale sterile neutrinos.
new physics beyond the Standard Model.
In general, there are no theoretical limits on the number of sterile neutrinos that can exist, on their masses and on their mixing with the active neutrinos. These quantities must be determined experimentally. Hence, experiments have searched for possible signatures of sterile neutrinos at different mass scales, from the sub-eV range to the TeV scale accessible at LHC. There are currently two interesting indications of the possible existence of sterile neutrinos: 1) the short-baseline neutrino oscillations anomalies that require the sterile neutrinos at the eV mass scale; 2) X-ray astrophysical observations that could be due to the radiative decay of a keV-scale sterile neutrino that can contribute to the Dark Matter in the Universe (see Ref. (2)). In this review we consider only the first indication, that started in the middle 90's with the results of the LSND experiment (3, 4) at LAMPF in favor of short-baselineνµ →νe oscillations that require the existence of sterile neutrinos at the eV mass scale. At the same time, a similar experiment, KARMEN (5) at the spallation neutron source ISIS of the Rutherford Laboratory, did not observe any effect, but since it had a shorter baseline (about 18 m instead of about 30 m) its results cannot exclude the LSND signal, because the oscillation length can be longer than that accessible in the KARMEN experiment. The MiniBooNE experiment (6) , operating at Fermilab since about 2005, searched for the LSND signal with controversial results. After a progressive decrease of interest of the high-energy community in the sterile neutrinos indicated by the LSND signal, the interest was revamped in 2011 with the discovery of the so-called "reactor antineutrino anomaly" due to a deficit of the rate of reactor antineutrino detection in several experiments at distances between about 10 and 100 m with respect to that predicted by new theoretical calculations of the reactor antineutrino fluxes (7) (8) (9) . The reactor antineutrino anomaly sparked an intense research on the eV-scale sterile neutrinos (see the review in Ref. (10) ) that takes into account also the LSND signal and the less statistically significant "Gallium neutrino anomaly" discovered in 2005-2006 (11-13) . Several new experiments have been proposed in the following years and some of them have been realized or are under construction. At the moment there is no definitive experimental result either in favor or against the eV-scale sterile neutrinos, but it is likely that the new experiments will reach a verdict in the near future.
In this review, we start in Section 2 with a general description of the theory of sterile neutrinos and the theory of neutrino oscillations due to eV-scale sterile neutrinos. In Section 3 we review the above-mentioned short-baseline neutrino oscillation anomalies and the results of other experiments that constrain active-sterile neutrino oscillations. Section 4 is devoted to the global fit of all the short-baseline neutrino oscillation data with the addition of eV-scale sterile neutrinos to the standard framework of three-neutrino (3ν) mixing. In Section 5 we review the non-oscillation effects of eV-scale sterile neutrinos, with particular attention to β decay, neutrinoless double-β decay, and cosmology. Finally, in Section 6 we present the future perspectives on the search for eV-scale sterile neutrinos, and in Section 7 we draw our conclusions.
Theory of sterile neutrinos
The Standard Model of electroweak interactions is a quantum field theory based on the invariance under the group SU(2)L × U(1)Y of local gauge symmetry transformations. The subscript L indicates that the SU(2) transformations operate on the left-handed chiral components on the fields. Every four-component fermion field ψ can be splitted into its left Table 1 Gauge quantum numbers of the lepton and Higgs fields in the Extended Standard Model. The index α = e, µ, τ denotes the active lepton flavors, with e ≡ e, µ ≡ µ, τ ≡ τ . The index s enumerates the sterile right-handed neutrinos. I is the weak isospin, I 3 is its third component, Y is the hypercharge, and Q is the electric charge.
Lepton doublets LαL = ναL Table 1 , one can easily compute that a Majorana mass term has I3 = 1 and Y = −2. Hence it is not invariant under SU(2)L × U(1)Y gauge transformations and invariance cannot be restored by coupling it with the Higgs doublet 3 .
Therefore, in the Standard Model neutrinos are massless. However, when neutrino oscillations were discovered in 1998 in the Super-Kamiokande atmospheric neutrino experiment (15) , it became clear that the Standard Model must be extended in order to generate neutrino masses. This can be obtained by adding right-handed neutrino fields that are singlets under the SU(2)L × U(1)Y gauge transformations. Hence, they are also called "neutral lepton singlets" or "sterile neutrinos", because they do not take part to the Standard Model weak interactions. Moreover, there is no known constraint on 1 We use the Greek indices α, β = e, µ, τ to denote the active lepton flavors. 2 C is the unitary 4 × 4 charge-conjugation matrix, defined by Cγ T µ C −1 = −γµ and C T = −C. 3 Also the Dirac mass terms ν αR ν βL are not invariant under SU(2) L × U(1) Y because they have I 3 = 1/2 and Y = −1, but invariance can be restored by generating them from the invariant products ν αR iσ 2 Φ T L βL . In the standard Higgs mechanism of mass generation the Dirac neutrino masses are generated from this terms by the Higgs vacuum expectation value below the electroweak scale of about 200 GeV.
the number of right-handed neutrino fields and, instead of considering three right-handed fields ναR with α, β = e, µ, τ , in a general theory we must consider Ns right-handed fields νsR with s = 1, . . . , Ns. The introduction of these fields, in the so-called "Extended Standard Model", is a drastic change of the theory with respect to the Standard Model, because the right-handed neutrino fields can have Majorana mass terms 4 ν T sR C † ν s R that are invariant under SU(2)L × U(1)Y gauge transformations and the corresponding masses cannot be generated by the Standard Model Higgs mechanism. Therefore, in general the introduction right-handed neutrino fields implies that:
1. There is some physics beyond the Standard Model. 2. Massive neutrinos are Majorana particles.
The massive neutrino fields ν kL , with k = 1, . . . , 3 + Ns are obtained from the active and sterile flavor neutrino fields through a unitary transformation that diagonalizes the Lagrangian mass term (see Ref. (10)):
where N = 3 + Ns and U is a unitary N × N matrix. These equations relate the flavor basis of the active and sterile neutrino fields to the mass basis. There is a mechanism called "seesaw" that produces naturally small light neutrino masses given by the relation m light ∼ m 2 D /mR where mD is the scale of the Dirac neutrino masses generated with the standard Higgs mechanism, and mR is the scale of the masses of very heavy right-handed neutrinos. Since mD is smaller than the electroweak scale (about 200 GeV), if mR is very large, say ∼ 10 14−15 GeV as predicted by Grand Unified Theories, the light neutrino masses are naturally smaller than about a eV. In this scenario the right-handed neutrinos are sterile, but decoupled from the accessible low-energy physics. Moreover, it can be shown that the mixing between the light neutrinos and the heavy righthanded neutrinos is strongly suppressed. Therefore, although these sterile neutrinos are very important for the theory 5 , they do not have a phenomenological impact. However, if there are several right-handed neutrino fields, not all of them have to be very heavy. Some of them could be light and belong to low-energy new physics beyond the Standard Model, maybe connected to the Dark Matter in the Universe. These neutrinos can have masses at all the currently accessible energy scales, from some TeV down to the sub-eV mass scale. In this review we consider sterile neutrinos at the eV mass scale, that can generate neutrino oscillations measurable in short-baseline neutrino oscillation experiments. Since sterile neutrinos belong to physics beyond the Standard Model, they do not have standard weak interactions, but they can have non-standard interactions proper of the physics beyond the Standard Model 6 . However, these interactions must have tiny effects on the behavior of the Standard Model particles that we know, since otherwise they would have been detected. Therefore, we can consider the sterile neutrinos as practically noninteracting (as the name "sterile" invented by Bruno Pontecorvo (1) indicates) and we can consider the phenomenology of neutrino interactions as solely due to weak interactions.
In most experiments neutrinos are detected through charged-current weak interactions generated by the Lagrangian
where Wρ is the field of the W vector boson and g is a coupling constant. These interactions allow us to distinguish the neutrino flavor by detecting the corresponding charged lepton. Taking into account the mixing in Eq. (1), we obtain
here one can see that although there are only three flavors all the massive neutrinos take part to charged-current weak interactions (if their masses are kinematically allowed). The physical mixing is determined by the 3 × N rectangular submatrix composed by the first three rows of the matrix U corresponding to α = e, µ, τ . Indeed, the mixing of the sterile fields in Eq. (2), which is determined by the complementary rectangular submatrix, is not observable. Hence, from now on we will consider only the 3 × N rectangular mixing matrix in Eq. (4), keeping the same notation.
Although it is possible to work without a parameterization of the mixing matrix, it is common and often useful to parameterize the mixing matrix in terms of mixing angles and phases. Complex phases generate CP violation that can be observed in neutrino oscillations. In general, the 3 × N mixing matrix U can be parameterized in terms of 3 + 3Ns mixing angles and 3 + 3Ns physical phases, of which 1 + 2Ns are Dirac phases that exist for Dirac and Majorana neutrinos, and N − 1 are Majorana phases that exist only for Majorana neutrinos and do not affect neutrino oscillations (see Ref. (14) ). A convenient choice is
where W ab = W ab (θ ab , η ab ) is a unitary N × N matrix 7 that performs a complex rotation in the a-b plane by a mixing angle θ ab and a Dirac phase η ab , the orthogonal N × N matrix R ab = W ab (θ ab , 0) performs a real rotation in the a-b plane, and the square brackets with subscript 3 × N indicate that the enclosed N × N matrix is truncated to the first three rows. The phases λ21, . . . λN1, collected in a diagonal matrix on the right are the Majorana phases. The parameterization in Eq. (5) has two advantages:
1. In the limit of vanishing active-sterile mixing it reduces to the 3ν mixing matrix in the standard parameterization (see Ref. (14)). 6 Of course, they have also gravitational interactions that, in general relativity, affect all particles because of the geometry of space-time.
7
Its components are W ab (ϑ ab , η ab ) rs = δrs + (c ab − 1) (δraδsa + δ rb δ sb ) + s ab e iη ab δraδ sb − e −iη ab δ rb δsa , where c ab ≡ cos ϑ ab and s ab ≡ sin ϑ ab .
2. It keeps the first row, which gives the mixing of νe, as simple as possible and the second row, which gives the mixing of νµ, is simpler than the third. This is useful, because we are able to observe oscillations of electron and muon neutrinos.
For example, in the case of 3+1 mixing that we will consider in the following, the mixing matrix is given by
where the dots replace the elements with long expressions. The mixing parameters beyond the standard 3ν mixing are three mixing angles ϑ14, ϑ24, ϑ34, two Dirac CP-violating phases δ14 and δ34, and a Majorana CP-violating phases λ41. However, the quantities measurable in experiments involving νe and νµ depend on only two mixing angles, ϑ14 and ϑ24, one Dirac CP-violating phase, δ14, and the Majorana CP-violating phases λ41 (that however has no effect in neutrino oscillations, as all Majorana phases).
Let us now consider neutrino oscillations. The probability of neutrino oscillations in vacuum,
depends on the neutrino squared mass differences ∆m
j and the elements of the mixing matrix U , that are the fundamental physical quantities under measurement in neutrino oscillation experiments. Different experiments are characterized by the sourcedetector distance L, the neutrino energy E, and the flavors α and β through which a neutrino is produced and detected. If β = α, we have flavor transitions detected in "appearance" experiments. If β = α, we speak of a survival probability detected in a "disappearance" experiment.
Neutrino oscillations that can be explained in the standard framework of 3ν mixing experiments (see the recent global fits in Refs. (16) (17) (18) ). In this framework, there are only 8 To be more clear, it would be better to speak about a "effective low-energy 3ν mixing", because what we consider 3ν mixing could be generated through the seesaw mechanism and the mixing of the active flavor neutrinos with the heavy massive neutrinos is practically negligible.
9 By convention, long-baseline neutrino oscillation experiments are those that have a sourcedetector distance and a neutrino energy band that give sensitivity to oscillations generated by the ∆m 2 ATM in Eq. (9) . Neutrino oscillation experiments that are sensitive to larger ∆m 2 's are called "short-baseline".
two independent squared-mass differences: the solar and atmospheric ∆m 2 's given by , with the numbering of the neutrino mass eigenstates such that m2 > m1. On the other hand, ν3 can be either heavier than ν2, in the so-called "normal ordering" with ∆m (19)). The short-baseline neutrino oscillation anomalies discussed in Section 3 indicate that there is at least one additional squared-mass difference
which is much larger than the solar and atmospheric squared-mass differences. In order to accommodate this new ∆m 2 , the framework of neutrino mixing must be extended with the addition of at least one light massive neutrino in addition to the three massive neutrinos in the standard 3ν mixing scheme. In the flavor basis, the non-standard massive neutrinos correspond to sterile neutrinos, because the LEP measurements of the invisible width of the Z boson have shown that there are only three active neutrinos (see Ref. (14)). In this review, following Okkam's razor, we consider the simplest framework that can explain the short-baseline anomalies, i.e. the existence of one non-standard massive neutrino at the eV mass scale, which corresponds to a light sterile neutrino in the flavor basis. Let us however emphasize that we consider such four-neutrino mixing scheme as an effective one, in the sense that other non-standard massive neutrinos may exist, corresponding to other sterile neutrinos, but their mixing with the active neutrinos is too small to have any observable effect in current experiments.
Considering only the ∆m 2 's, with the addition of a sterile neutrinos it is possible to have the different types of mass spectra illustrated schematically in Fig (20)), after the discovery of the LSND anomaly, because they do not suffer of the so-called "appearance-disappearance tension" that we will discuss later for the 3+1 and 1+3 schemes. However, the 2+2 schemes are strongly disfavored now by the more precise solar and atmospheric neutrino oscillation data (21) . The reason is that the 2+2 schemes are not perturbations of the standard 3ν mixing, because the unitarity of the mixing matrix implies that the sterile neutrino must have large mixing either with the ν1, ν2 pair or the ν3, ν4. Therefore there should be large active-sterile oscillations either of solar neutrinos or of atmospheric and longbaseline neutrinos, but the data exclude this possibility. Hence, we will not consider any more the 2+2 schemes in the following. 3+1 In these schemes there is a new non-standard massive neutrinos ν4 that is heavier than the three standard massive neutrinos, with a mass gap corresponding to ∆m 2 SBL . These schemes are allowed by the existing solar, atmospheric and long-baseline, because they can be a perturbation of standard 3ν mixing that has small effects on Figure 1 Schematic illustration of the 2+2, 3+1, and 1+3 neutrino mixing schemes.
the oscillations of solar, atmospheric and long-baseline neutrinos, such that they are compatible with the existing data. This is achieved with
that means that the non-standard massive neutrinos ν4 must be mostly sterile. In the following discussion we always assume this constraint. 1+3 In these schemes there is a new non-standard massive neutrinos ν4 that is lighter than the three standard massive neutrinos. The vacuum oscillations of neutrinos in the 1+3 schemes are the same as those in the 3+1 scheme. However, since the mass gap between ν4 and {ν1, ν2, ν3} corresponds to ∆m 2 SBL , in these schemes the three standard massive neutrinos are at the eV scale. Since the flavor neutrinos {νe, νµ, ντ } are mainly mixed with {ν1, ν2, ν3}, the 1+3 schemes are disfavored by the cosmological upper bound on the neutrino masses, that is smaller than 1 eV, and by the upper bound on the effective neutrino mass in neutrinoless double-β decay if neutrinos are Majorana particles (see the reviews in Refs. (22, 23) ). Hence, in the following we will not consider the 1+3 schemes. However, one can keep in mind that all the results obtained from experiments with neutrino oscillations in vacuum in the 3+1 schemes apply also to the 1+3 schemes.
Hence, in the following we will consider only the 3+1 schemes. For the analysis of the short-baseline anomalies it is needed to know the corresponding effective oscillation probabilities. Of course, the exact oscillation probabilities are given by Eq. (7), but this expression is very complicated because it takes into account the effects of all the ∆m 2 's. In short-baseline experiments the effects of the small ∆m 2 SOL and ∆m
ATM
are negligible, because they generate oscillations at larger distances. Therefore, it is possible to neglect their effects and obtain the effective short-baseline oscillation probabilities (24)
where ∆m 
These oscillation probabilities have the same form as the oscillation probabilities in the case of two-neutrino mixing (see Ref. (14)) and their amplitudes have been written in terms of the effective mixing angles ϑ αβ that depend only on the elements in the fourth column of the mixing matrix (6), which connect the flavor neutrinos to the non-standard massive neutrino ν4. The electron and muon neutrino and antineutrino appearance and disappearance in short-baseline experiments depend on |Ue4| 2 and |Uµ4| 2 , which determine the amplitude sin
νe transitions, the amplitude
νe disappearance, and the amplitude
νµ disappearance, where we considered the approximation of small mixing angles given by the constraint (11) . One must also note that the effective short-baseline oscillation probabilities of neutrinos and antineutrinos are equal, because they depend on the absolute values of the elements of the mixing matrix. Therefore, even if there are Dirac CP-violating phases in the mixing matrix [the standard δ13 and the non-standard δ14 and δ34 in the parameterization (6)], CP violation cannot be measured in short-baseline experiments. In order to measure the effects of these phases it is necessary to perform experiments sensitive to the oscillations generated by the smaller squared-mass differences ∆m + 2 sin ϑ13 sin 2ϑ12 sin 2ϑ23(α∆31) sin ∆31 cos(∆32 + δ13)
where α ≡ ∆m (17) is the dominant one, of order ε 2 . The other two terms are subdominant, of order ε 3 , but they are extremely interesting because they depend on the standard CP-violating phase δ13 and, regarding the third term, the non-standard CP-violating phase δ14. If the 3+1 mixing scheme is real, the presence of δ14 in Eq. (17) can have important effects in the search of CP violation in the current long-baseline experiments and in the future DUNE and Hyper-Kamiokande experiments (25-27). The fact that all the oscillation amplitudes in Eq. (13) depend only on the tree elements in the last column of the mixing matrix implies that they are related. In particular, the appearance and disappearance amplitudes are related by (24, 29)
in the approximation (11) of small mixing. This relation causes the appearancedisappearance tension of the current data discussed in Section 4. Let us emphasize that the tension cannot be alleviated by considering more than one sterile neutrino, because there are relations of the type (18) for each additional sterile neutrino (30) . Physically, it is due to the fact that any 
Short-baseline neutrino oscillation anomalies
There are three indications of neutrino oscillations in short-baseline experiments, that are usually called "anomalies", because they require the existence of a new ∆m 2 beyond the two in standard 3ν mixing, as explained in Section 2. In the following Subsections we briefly review these three anomalies: 3.1 LSND and MiniBooNE; 3.2 the Gallium neutrino anomaly; 3.3 the reactor antineutrino anomaly.
LSND and MiniBooNE
The Liquid Scintillator Neutrino Detector (LSND) experiment (4) was performed at the Los Alamos Neutron Science Center (LANSCE) from 1993 to 1998, where an intense proton beam of about 1 mA and energy 798 MeV hitting a target produced a large number of pions. Since most of the π − were absorbed by the nuclei of the target, the neutrinos are dominantly produced by π + → µ + + νµ and µ + → e + + νe +νµ decays, most of which are decay at rest (DAR). Since noνe are produced in these two decays, the experimental setup is ideal for searching possibleνµ →νe oscillations. The LSND detector was placed at a distance of 30 m from the target and consisted of a tank filled with 167 tons of liquid scintillator viewed by photomultiplier tubes. The energy spectrum ofνµ produced by µ
neutrino energies E smaller than Emax = (mµ − me)/2 52.6 MeV. Theνe events have been detected through the inverse beta decay (IBD) process
that has the very well known cross section (neglecting terms of order E/M , where M is the nucleon mass, and radiative corrections) (31, 32)
where Ee and pe are, respectively, the positron energy and momentum, τn is the neutron lifetime, and f = 1.7152 is the phase-space factor. Neglecting the small recoil energy of the neutron, the neutrino energy E is inferred from the measured electron kinetic energy Te = Ee − me through the energy-conservation relation
where mp and mn are, respectively, the proton and neutron masses. The LSND data onνµ →νe oscillations cover the energy range 20 Te 60 MeV. and show a significant excess ofνe-like events over the background, at the level of about 3.8σ, corresponding to an average transition probability of (2.64 ± 0.67 ± 0.45) × 10 −3 (4).
These oscillations can be explained with a ∆m The Gallium neutrino (a) and reactor antineutrino (b) anomalies.
The LSND anomaly has been explored in the MiniBooNE experiment that is operating at Fermilab since 2002. In this experiment the neutrinos are produced by the 8 GeV protons from the Fermilab booster hitting a beryllium target and producing a beam of pions. The sign of the pions that are focalized towards the detector is determined by the polarity of a focusing horn. The detector, placed at a distance of 541 m from the target, consists of a tank filled with 818 tons of pure mineral oil (CH2) viewed by 1520 phototubes that detect the Cherenkov light and isotropic scintillation produced by charged particles.
Since in MiniBooNE the neutrino energy ranges from 200 MeV to 3 GeV the range of L/E, from 0.18 to 2.7 m/MeV, covers the LSND range of L/E (from 0.5 to 1.5 m/MeV). However, since in LSND L/E is smaller than 1.5 m/MeV, the LSND signal should be seen in MiniBooNE for E 360 MeV.
Initially the MiniBooNE experiment operated in "neutrino mode" with a focused beam of π + that decayed in a decay tunnel producing an almost pure beam or νµ's. In the first article (33) the MiniBooNE collaboration considered the data with E > 475 MeV, arguing that this threshold "greatly reduced a number of backgrounds with little impact on the fit's sensitivity to oscillations". No excess over background was observed, leading to a 98% exclusion of neutrino oscillation as the explanation of the LSND anomaly. However an excess of νe-like events was observed below the 475 MeV analysis threshold. This low-energy excess was confirmed in the following years, in both neutrino (6, 34) and antineutrino (35) modes, whereas the data above 475 MeV continued to show little or no excess over the backgrounds. Since most of the energy range below 475 MeV correspond to values of L/E outside the LSND range, the low-energy excess is an effect different from the LSND anomaly, and it has been considered as the "MiniBooNE low-energy anomaly". A possible explanation of this anomaly is that the low-energy excess is produced by photons, that cannot be distinguished
νe-like events in the MiniBooNE detector (single photon events are generated by neutral-current νµ-induced π 0 decays in which only one of the two decay photons is visible).
This possibility is going to be investigated in the MicroBooNE experiment at Fermilab (36), with a large Liquid Argon Time Projection Chamber (LArTPC) in which electrons and photons can be distinguished.
The Gallium neutrino anomaly
The Gallium neutrino anomaly (12, 13, 37, 38) Figure 2a shows the ratios R of the number of measured (Nexp) and calculated (N cal ; see the review in Ref. (10)) electron neutrino events in the two 51 Cr GALLEX experiments and in the 51 Cr and 37 Ar SAGE experiments. The average ratio shown in the figure is R = 0.84 ± 0.05, which shows the 2.9σ deficit that is the Gallium anomaly.
Since the average neutrino traveling distances in the GALLEX and SAGE radioactive source experiments are L GALLEX = 1.9 m and L SAGE = 0.6 m, and the neutrino energy is about 0.8 MeV, the Gallium neutrino anomaly can be explained by neutrino oscillations generated by a ∆m 2 SBL 1 eV 2 .
The reactor antineutrino anomaly
The reactor antineutrino anomaly was discovered in 2011 (8) (40) (41) (42) . The resulting expected detection rate turned out to be larger than that observed in several short-baseline reactor neutrino experiments with detectors placed at distances between about 10 and 100 m from the respective reactor, generating the "reactor antineutrino anomaly". In Ref. (7), the 238 U antineutrino flux was calculated with the "ab initio" method, using the nuclear databases, whereas the 235 U, 239 Pu, and 241 Pu antineutrino fluxes have been calculated inverting the spectra of the electrons measured at ILL in the 80's (41) (42) (43) . This calculation was improved by Huber in Ref. (9) and the resulting fluxes including the 238 U of Ref. (7) are usually called "Huber-Mueller" fluxes. In reactor neutrino experiments electron antineutrinos are detected through the IBD process (19) with the cross section (20) in a liquid or solid scintillator detector. The neutrino energy is obtained from the measured electron kinetic energy trough Eq. (21), with a threshold of about 1.8 MeV. Since the neutrino energy spectrum decreases with energy and the cross section (20) increases with energy, the energy spectrum of the detectedνe's has a peak at about 3.6 MeV and decreases rapidly for larger energies, with a tail that extends up to about 9 MeV (see the review in Ref. (44)). (63) experiments at the respective distance L from the reactor. As shown in the figure, the average ratio is R = 0.928 ± 0.024, which indicates a 3.0σ deficit that is the reactor antineutrino anomaly. Given the ranges of reactor neutrino energies and source-detector distances, the deficit can be explained by neutrino oscillations generated by a ∆m . (66, 67) ). Therefore, the strategy of the new reactor experiments has been to compare the spectrum ofνe-induced events measured at different distances searching for the differences due to oscillations. Interesting results have been obtained in the NEOS (68) and DANSS (69) experiments.
The NEOS experiment (68) consisted in a 1 ton detector made of Gd-loaded liquid scintillator located at a distance of 24 m from the 2.8 GW th reactor unit 5 of the Hanbit Nuclear Power Complex in Yeonggwang, Korea (see Subsection 6.1 for more details). The spectrum ofνe-induced events was normalized to the prediction obtained from the Daya Bay spectrum (70) measured at the large distance of about 550 m, where short-baseline oscillations are averaged out. In this way, the information on neutrino oscillations is independent from the theoretical flux calculation and from the 5 MeV bump effect. The NEOS collaboration found two almost equivalent best fits at (∆m 1.3 − 1.4 eV 2 is a remarkable indication in favor of short-baseline active-sterile neutrino oscillations that updates the older reactor antineutrino anomaly and can be considered as more robust, since it is not based on the theoretical flux calculations. Recently also the PROSPECT (71) and STEREO (72) experiments (see Subsections 6.2 and 6.3) have released initial data on spectral ratio measurements, which however are still not sensitive to the NEOS/Daya Bay and DANSS best-fit region. Another experiment, Neutrino-4 (73) (see Subsection 6.4), found an unexpected indication of oscillations generated by ∆m 2 41 7 eV 2 and |Ue4| 2 0.1. This mixing is very large, in contradiction with the required inequality (11) , and in conflict with the NEOS/Daya Bay and DANSS results, with the exclusion limit of PROSPECT (71), and with the solar neutrino upper bound for |Ue4| 2 (38, (74) (75) (76) (77) (78) . Therefore, it is difficult to consider the Neutrino-4 as a reliable indication in favor of short-baseline neutrino oscillations. Interesting information on the reactorνe fluxes and oscillations came also recently from the measurement of the evolution of the event rate with the variation of the reactor fuel composition during burnup in the Daya Bay (61, 62) and RENO (63) experiments. The evolution data alone disfavor neutrino oscillations as the sole explanation of the reactor antineutrino anomaly, but the combined analysis of the Daya Bay and RENO evolution data and the absolute rates of the other experiments in Fig. 3b leave open the possibilities of neutrino oscillations, or a flux miscalculation, or a combination of both (79, 80).
Global fits
The global fits of short-baseline oscillation data addressing the anomalies discussed in Section 3 in terms of active-sterile neutrino oscillations are combined analyses of a wide variety of experimental data. The adjective "global" is only indicative, because there is no established consensus on the exact set of data that must be taken into account. In particular, there is some variation in the global analyses performed by different groups on the inclusion of old experimental data, as those of old reactor experiments, and controversial data, as the low-energy MiniBooNE data. Moreover, the method of analysis of the data of old experiments (as LSND and old reactor experiments) is not unique, because the only available information is that in the published articles, which is not complete. In these cases the experimental data are analyzed with reasonable assumptions, adjusting the relevant parameters in order to reproduce as well as possible the results presented in the corresponding experimental publication. Taking into account these caveats, it is clear that the results of the global fits cannot be considered as very accurate, but must be considered as indicative of the true solution, whose accurate value can only be found with new experiments.
The construction of a global fit of short-baseline oscillation data passes through the following partial stages that we discuss in the following Subsections 
ν e andν e disappearance
The information on SBL νe andνe disappearance is given by:
1. The total event rates measured in the Bugey-4 (45), ROVNO91 (46) (63) experiments on the evolution of the event rate with the variation of the reactor fuel composition during burnup. These data can distinguish the neutrino oscillation solution of the RAA from explanations based on incorrect flux predictions, because the suppression due to neutrino oscillations is independent on the reactor fuel composition, whereas different variations of the predictions of the four reactorνe fluxes affect the evolution of the event rate. It turns out that the Daya Bay and RENO evolution data disfavor the neutrino oscillation solution of the RAA in comparison with an incorrect 235 U flux prediction (61, 63, 79, 80) . Hence, taking into account also the skepticism on the theoretical flux predictions raised from the discovery of the "5 MeV bump" in the spectral data of several experiments (see Refs. (66, 67)), it is now common to fit the reactor rates with hybrid hypotheses involving both neutrino oscillations and corrections to the theoretical flux predictions (79-83). 2. The ratio of the spectra measured at different distance from the reactor in the Bugey-3 (47) experiment, in the NEOS (68) and Daya Bay (70) experiments, and in the DANSS experiment (69) . These measurements provide information on neutrino oscillations that is independent from the theoretical reactor flux predictions, because the ratio of the spectra at different distances is independent on the initial reactorνe flux. Hence this type of measurement is crucial for an unambiguous solution of the RAA and is pursued in the new dedicated experiments Neutrino-4 (73), PROSPECT (71), and STEREO (72) , that have recently released initial data, and the SoLid (84) experiment. The current status of the spectral ratio measurements is that the NEOS/Daya Bay and DANSS data are in agreement on the indication of active-sterile neutrino oscillations generated by ∆m νe disappearance found in Refs. (82, 83) are reproduced in Fig. 3 . The shadowed regions in Fig. 3a have been obtained from the combined fit of the NEOS/Daya Bay and DANSS spectral ratio data (NEOS+DANSS). One can see that these data are quite powerful in constraining the active-sterile mixing parameters in a bestfit region around ∆m νe disappearance due to active-sterile oscillations that is much more robust than those of the original reactor and Gallium anomalies, which suffer from the dependence on the calculated reactor fluxes and the assumed Gallium detector efficiencies. From Fig. 3a one can also see that there is a tension between the model-independent NEOS+DANSS allowed regions and those indicated by the reactor and Gallium anomalies (the corresponding parameter goodness of fit (90) are 2% and 4%, respectively). This indicates that corrections to the theoretical reactor flux predictions are needed and that the efficiencies of the GALLEX and SAGE detectors may have been overestimated.
The blue shadowed regions in Fig. 3b have been obtained in Ref. (83) νe disappearance data is that there is a robust indication in favor of oscillations into sterile neutrinos at the 3σ level, which is independent of the theoretical reactor flux calculations. This is an improvement with respect to the original reactor antineutrino anomaly that was based on the theoretical reactor flux calculations. Let us however emphasize that the model-independent indication hinges crucially on the NEOS/Daya Bay and DANSS spectral ratios that must be confirmed by new experiments. It is also important to emphasize that the search for SBL (−) νe disappearance is of fundamental importance independently from the validity or not of the indication
νe appearance discussed in the following subsection, because it is possible that the νµ disappearance has not been seen yet.
4.2. ν µ → ν e andν µ →ν e appearance . The difference between Figs. 4a and 4b is that in Fig. 4a all the MiniBooNE data are used, whereas Fig. 4b the controversial low-energy MiniBooNE data are omitted according to the "pragmatic approach" advocated in Ref. (95) . It is motivated by the fact that the low-energy MiniBooNE excess is too large to be fitted with a small value of sin Results of SBL
νe appearance experiments with all MiniBooNE data (a) and without the low-energy MiniBooNE data (b). Results of SBL (−) νµ disappearance experiments (a) and global fit of appearance and disappearance data (b).
combined allowed region without the low-energy MiniBooNE data (Fig. 4b) is larger than that with low-energy MiniBooNE data (Fig. 4a) and allows smaller values of sin 2 2ϑeµ. This is important in the global fit appearance and disappearance data discussed in Subsection 4.4, because the disappearance data constrain severely sin 2 2ϑeµ, according to Eq. (18).
ν µ andν µ disappearance
If SBL active-sterile oscillations exist, they must show up also in (−) νµ disappearance, as explained in Section 2. However, so far no
νµ disappearance has been observed. Figure 5a shows a summary of the exclusion curves found in the
νµ disappearance experiments CDHSW (96) , CCFR (97), SciBooNE-MiniBooNE with neutrinos (98) and antineutrinos (99), IceCube (100), MINOS&MINOS+ (101) , and the atmospheric neutrino bound (89) . One can see that the recent MINOS&MINOS+ bound is particularly severe for ∆m 2 41 ∼ 1 eV 2 and determines the overall combined limit on |Uµ4| 2 in that region.
This strong bound causes the strong appearance-disappearance tension discussed in Subsection 4.4 (82, 83). Figure 5b shows the results of the global fit of appearance and disappearance data. The appearance data are those corresponding to Fig. 4b , without the controversial low-energy MiniBooNE data. In spite of this choice, one can see that there is a strong tension between the region within the blue contours allowed at 3σ by the appearance data and the combined bound of (−) νe and
Appearance and disappearance
νµ disappearance data that exclude at 3σ all the region outside the two red semicontours. Although the standard goodness-of-fit is fine (54%), the appearancedisappearance parameter goodness-of-fit is as low as 0.015%, disfavoring the global 3+1 fit at 3.8σ. Considering a global fit with the low-energy MiniBooNE data, we get still a favorable standard goodness-of-fit of 21%, but the appearance-disappearance parameter goodness-of-fit drops to 2 × 10 −7 , which disfavors the global 3+1 fit at 5.2σ (see also
Ref. (83)). Therefore, the current status of the global fit of appearance and disappearance data indicates that the interpretation of the results of some experiment or group of experiments in terms of neutrino oscillations is not correct. We can envisage the following scenarios:
(A) The LSND excess ofνe-like events is not due to oscillations and the coincidence of oscillations in NEOS/Daya Bay and DANSS is a fluke. In this case the remaining indications in favor of neutrino oscillations (MiniBooNE, total reactor event rates versus theoretical predictions, and the Gallium anomaly) are rather weak and could also have other explanations, leading to the demise of the eV-scale sterile neutrinos. (B) The LSND excess is not due to oscillations, but the coincidence of oscillations in NEOS/Daya Bay and DANSS is real. In this case, the lack of observation of SBL (−) νµ disappearance is due to a small value of |Uµ4| 2 , that can generate, together with
νe appearance that is smaller than the LSND excess. (C) The LSND excess is due to oscillations, but the coincidence of oscillations in NEOS/Daya Bay and DANSS is a fluke. In this case, given the upper bounds on |Uµ4| 2 found in the
νµ disappearance experiments, the LSND oscillations require a value of |Ue4| 2 that is larger than about 0.05. This value is compatible with the Gallium anomaly and with the reactor antineutrino anomaly. (D) The strong MINOS&MINOS+ upper bound on |Uµ4| 2 is inaccurate. In this case the appearance-disappearance tension is relaxed and there is an acceptable global fit the data.
On a positive note, it is likely that these scenarios are going to be explored well in the www.annualreviews.org • eV-scale Sterile Neutrinosnew experiments reviewed in Section 6 and we will know the truth in a few years.
Other effects of light sterile neutrinos
Light sterile neutrinos can have a wide variety of effects, besides the neutrino oscillations that we have considered so far. The main effects can appear in phenomena that are sensitive to the neutrino masses: β decay, neutrinoless double-β decay and cosmology. In the following subsections we briefly review the main aspect of these phenomena.
β decay
The eV-scale mass of the non-standard massive neutrino in the 3+1 scenario can contribute significantly to the distortion of the energy spectrum of the electron emitted in a nuclear β decay. In experiments that have a sensitivity to neutrino masses of the order of 1 eV, the Kurie function (see Ref. (102)) can be approximated by
where Te is the electron kinetic energy, Q = MI − MF − me is the Q-value of the process (MI and MF are the initial and final nuclear masses; me is the electron mass), Θ is the Heaviside step function, and m
k is the effective light neutrino mass. The nonstandard neutrino mass m4 can be measured by observing a kink of the kinetic energy spectrum of the emitted electron at Q−m4. Since the currently most powerful experiments, Mainz (103) and Troitsk (104), did not find such a kink for m 10 eV 2 (105). This limit is far from the allowed regions in Fig. 3 , but future experiments may reach a sensitivity to those regions. Let us also mention that also electron capture experiments searching for the effects of neutrino masses are sensitive to m4 (106).
Neutrinoless double-β decay
The search for neutrinoless double-β decay is of fundamental importance, because it can reveal the Majorana nature of neutrinos. The rate of neutrinoless double-β decay is proportional to the effective Majorana mass m ββ given by
where α2 = 2λ21, α3 = 2(λ31 − δ13), and α4 = 2(λ41 − δ14) in the parameterization of U in Eq. (6) . The values of the 3ν mixing parameters |Ue1| 2 , |Ue2| 2 , and |Ue3| 2 , and the differences between m1, m2, and m3 are known from the measurements of neutrino oscillations in solar, atmospheric and long-baseline experiments (see the recent global fits in Refs. (16) (17) (18) ). Under the assumption of 3+1 mixing, the value of |Ue4| 2 and the difference between m4 and m1 are known from the fits of SBL νe andνe disappearance data discussed in Subsection 4.1. On the other hand, the three phases α2, α3, and α4 are totally unknown and this ignorance generates a large uncertainty in the predicted value of m ββ . Since m4 is the largest mass and |Ue4| Value of the effective Majorana mass |m ββ | as a function of the lightest neutrino mass in the cases of 3ν and 3+1 mixing with normal (a) and inverted (b) ordering of the three lightest neutrinos. The horizontal band is the best current 90% C.L. upper limit for |m ββ | (107).
the unknown phases the contribution of m4 can be dominant or there can be cancellations between the contributions of the three standard light neutrino masses and m4 (108), besides those intrinsic to 3ν mixing (see Ref. (23)). This is illustrated in Fig. 6 , which shows the predictions for m ββ obtained from the NEOS+DANSS allowed regions in Fig. 3a , compared with those in standard 3ν mixing, as functions of the lightest mass in the normal and inverted 3ν ordering. One can see that the contribution of m4 can bring a dramatic change in the value of m ββ . In particular, in the case of normal ordering with a mass hierarchy (m1 ∆m 2 SOL 8 × 10 −3 eV) the contribution of m4 is dominant for any value of the unknown phases and m ββ is predicted to be larger than in the case of 3ν mixing, leading to the possibility to observe neutrinoless double-β decay with the next generation of experiments. On the other hand, in the case of inverted 3ν ordering the prediction for m ββ depends crucially on the values of the unknown phases: m ββ can be slightly larger than in the case of 3ν mixing if the phases are favorable, but it can also be unmeasurably small if the phases generate a drastic cancellation. Figure 6 shows also the best current 90% C.L. upper limit for |m ββ | (107), with a wide band that takes into account the nuclear matrix elements uncertainties (see Ref. (23)). Large values of the lightest mass are already excluded, and the maximal 3+1 prediction in the case of inverted 3ν ordering is already partially excluded for large values of the nuclear matrix elements.
Cosmology
Sterile neutrinos can be produced in the early Universe by active-sterile oscillations before the decoupling of the active neutrinos from the primordial plasma at a temperature of about 1 MeV, about 1 s after the Big Bang. However, cosmological observations exclude the full production of a sterile neutrino in the standard ΛCDM model, that occur if sterile neutri-nos are responsible for the SBL anomalies (see Refs. (10, 22) ). However, the cosmological constraint can be evaded by suppressing active-sterile oscillations in the early Universe with non standard effects, such as "secret" interactions of sterile neutrinos (109, 110) . Hence, the cosmological information on sterile neutrinos is intriguing and inspiring, but it cannot be considered as robust as the information obtained in laboratory experiments, which are repeatable under controlled circumstances. The quest for the existence of sterile neutrinos must be pursued with laboratory experiments and a positive result will require a modification of the cosmological model.
Future perspectives
Worldwide experimental efforts towards the search for light sterile neutrinos have been constantly growing since 2011. Preliminary results excluding part of the allowed range of parameters as well as fiercely debated hints for new oscillation signals have already come out. A selection of current and future perspectives for verifying the short-baseline neutrino oscillation anomalies (see Section 3) and perhaps revealing sterile neutrinos is described in this section.
NEOS
NEOS (68) is a ∼ 0.8 ton Gd-based liquid scintillator experiment located in the tendon gallery of reactor unit 5 of the 2.8 GW th reactor unit of the Hanbit Nuclear Power Complex in Yeong-gwang, Korea. The detector is located at 23.7 m from the center of the reactor core, and covered by an overburden of about 20 meters of water equivalent. Being a commercial nuclear station, the reactor core is not compact, leading to an average of the oscillation signal. Fast neutron background rejection is ensured using pulse shape discrimination (PSD) on the delayed signal. Thanks to the great reactor power, the IBD counting rate is 1976 events/day leading to a high S/B ratio of 22. The NEOS detector energy resolution of 5% at 1 MeV, allowing for a suitable spectral analysis. In order to get rid of reactor neutrino fluxes uncertainties the analysis is performed by comparing the recorded spectrum with the one measured by the Day Bay collaboration. Daya Bay being on a different site, this procedure may lack of robustness and lead to uncontrolled systematic uncertainties. NEOS took data from August 2015 to May 2016 and reported sizable limits on the sterile neutrino parameters. In addition they reported a hint for an oscillation pattern in the ratio of the NEOS and Day Bay spectra (see Subsections 3.3 and 4.1), but this shall be considered with a grain of salt. The NEOS detector resumed data taking since September 2018.
STEREO
STEREO (72) is a Gd-based liquid scintillator running experiment located at the 58 MW High Flux Reactor of the Institute Laue-Langevin (France). The reactor core is compact and highly enriched in 235 U. The 2 m 3 detector is installed from 9.4 m to 11.1 m away from the compact core. It consists of six optically separated cells, readout by 4 photo-multiplier tubes from the top, surrounded by passive and active shielding. STEREO makes use of PSD technique on the delayed signal to suppress backgrounds induced by fast neutrons and achieve a S/B ratio of 0.9. To be independent from the reactor neutrino spectrum uncertainties, STEREO analyses the ratios of prompt signal spectra of different cells to that of the first cell. STEREO is a running experiment that already released first results based on 66 days of reactor turned on and 138 days of reactor turned off. Based on this data-set, STEREO excluded a significant portion of the sterile neutrino parameter space.
PROSPECT
PROSPECT (71) is a 6 Li-based liquid scintillator (LS) running experiment (0.1% doping in mass) installed at the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (USA), a high power of the compact reactor (85 MW) providing mostly electron antineutrinos from the fission of 235 U. Located at 6.7 m, the detector is a 2.0 m×1.6 m×1.2 m rectangular volume containing ∼ 4 tons of LS, allowing for a strong pulse shape discrimination (PSD) on both the prompt and delayed inverse-beta-decay signals. Thin reflecting panels divide the LS volume into an 11×14 two-dimensional array of 154 optically isolated rectangular segments read out by two photo-multiplier tubes each. The energy resolution is 4.5 % at 1 MeV. PROSPECT successfully took the challenge of installing the detector at the Earth's surface. Thanks to its PSD and 3D reconstruction of events the collaboration managed a clear separation of signal events, with a S/B ratio of 1.36, collecting 771 IBD events per day. In order to be independent from the reactor neutrino spectrum uncertainties, PROSPECT uses ratios of the measured IBD spectra at different baselines, normalized to the baseline-integrated measured spectrum. Prospect is an on-going experiment that already reported measured ratios consistent with the no oscillation hypothesis and exclude a significant portion of the sterile neutrino parameters (including the best-fit value of the reactor neutrino anomaly, for instance).
Neutrino-4
Neutrino-4 (73) is a 1.8 m 3 Gd-based liquid scintillator experiment consisting of 50 liquid scintillator sections (ten rows with 5 sections in each), installed near the powerful (100 MW) and compact SM-3 research reactor at Dimitrovgrad (Russia). The detector is installed on a movable platform, and the baseline ranges from 6 to 12 meters. The position of the detector with respect to the reactor core is changed frequently, allowing a partial cancellation of systematic uncertainties. Being located very close to the surface, the cosmogenic induced backgrounds are significant, and could not be mitigated via pulse-shape discrimination. Therefore the S/B ratio is only 0.54. Moreover, the energy resolution is only 16% at 1 MeV. In order to be independent from the reactor neutrino spectrum uncertainties the analysis is performed by comparing the spectra recorded at the various distances of each section to a spectrum averaged over all detector sections, assuming equal efficiencies. As the main result, the obtained L/E dependence of the IBD rate normalized to the rate averaged over all distances fits well with an oscillation signal with the following parameters: sin 2 2ϑee = 0.35 and ∆m 
DANSS
DANSS (111) is a 1 m 3 plastic scintillator running experiment. The fiducial volume of the detector is highly segmented, being composed of 2500 scintillator strips coated with a 0.2 mm thin Gadolinium surface to enhance neutron capture signals. The detector is surrounded by both active and passive shieldings and located below the 3.1 GW th reactor core of the Kalinin Nuclear Power Plant (KNPP) in Russia. It is therefore protected from cosmic rays by a depth of about 50 meters of water equivalent, providing a strong suppression of the cosmogenic backgrounds (a factor of 6 in the muon flux) and their variations according to the evolution of the atmospheric pressure. The whole DANSS setup is installed on a movable platform switching regularly between three positions three times a week, providing baselines of 10.7 m, 11.7 m, and 12.7 m, respectively. Thanks to the high reactor power and to the reduced baseline, the DANSS statistics is extremely high, the detector counting 4910 events per day at the 10.7 m position from the reactor. Therefore DANSS achieves a very high signal/background ratio of more than 33 at the top location. As drawbacks DANSS's energy resolution of σE/E ∼ 34% at E = 1 MeV as well as the large extension of the core (3.7 m in height and 3.2 m in diameter) lead to some sizable smearing of the oscillation pattern, that is partially compensated with the large statistics, however. To be independent from the reactor neutrino spectra predictions, the analysis is done by comparing the shape of the recorded energy spectra at 10.7 m and 12.7 m baselines. This strategy allows also to reduce the impact of the detector modeling uncertainties. DANSS already excluded an area of mixing parameters covering large fractions of the regions indicated by the Gallium and reactor anomalies. As a benchmark for comparison with other experiments the most preferred value ∆m 2 41 = 2.3 eV 2 , sin 2 2ϑee = 0.14 (8) is excluded at more than 5σ CL.
Solid
SoLid (112) is an experiment in preparation using 12800 cells made of cubes of polyvinyltoluene (PVT) of (5×5×5) cm 3 in dimension, partially coated with thin sheets of 6 LiF:ZnS(Ag) to capture and detect neutrons. The detector is installed at the surface level, about 6 m away from the 60 MW SCK·CEN BR2 research reactor in Belgium. A 288 kg prototype detector was deployed in 2015 and collected data during the operational period of the reactor and during reactor shut-down. The detector energy resolution is modest, σE/E ∼ 14% at E = 1 MeV. Moreover, because of the high number of cells, the electronics, data acquisition, and the calibration are real challenges. This extremely high segmentation allows 3D reconstruction and background-tagging, however. Assuming a 41% efficiency and 600 days of running, a total of 250k events will be collected and the current reactor anomaly region below ∆m 2 41 = 5 eV 2 is expected to be covered at better than 99% C.L.
Best
BEST (113) is a source-based experiment in preparation, aiming to search for an electron neutrino disappearance signal with a 3 MCi artificial source of electron neutrinos from 51 Cr.
The experiment is using the Gallium-Germanium neutrino telescope facility at the Baksan Neutrino Observatory of the INR RAS (GGNT), which has been used since 1990 for solar neutrino measurements in the SAGE experiment (11) . The detector target containing 50 tons of liquid metal gallium is divided into two zones. Neutrinos are detected through the neutrino capture reaction on 71 Ga and the number of interactions in the two zones is determined by counting the number of produced 71 Ge atoms. BEST has the great potential to search for transitions of active neutrinos to sterile states with ∆m 2 41 ∼ 1 eV 2 with a unique method that is mostly insensitive to the usual radioactive and cosmogenic background sources.
Neutrino Observatory (118) , located at the South Pole, is an instrumented cubic kilometer Cherenkov neutrino detector measuring the atmospheric neutrinos with an energy threshold of 10 GeV and measuring energies up to 100 TeV. One the one hand, IceCube uses events with energies above 400 GeV and searches for a resonant enhancement of the sterile neutrino mixing for muon antineutrinos crossing the Earth's core (100) . On the other hand, IceCube uses lower energy data of DeepCore (119), a denser part of IceCube, in the energy range between 6 and 56 GeV to search for deviations from the standard atmospheric neutrino oscillations due to the sterile neutrino mixing (120) . Using one year of the full 86-string detector configuration, IceCube provides strict constraints on the allowed sterile neutrino mixing with muon and tau neutrinos in a 3+1 model (100) . In the near future the full data available in IceCube could lead to unprecedented constraints on sterile neutrino mixings.
Conclusions
The existence of sterile neutrinos is one of the most intriguing possibilities in the search for new physics beyond the Standard Model. Exciting indications have come from some experiments searching for short-baseline neutrino oscillations that obtained "anomalous" results that cannot be explained in the standard framework of 3ν mixing, pointing to extended frameworks with sterile neutrinos. Following Okkam's razor, it is wise to consider the simplest 3+1 extension, with a non-standard massive and mostly sterile neutrino at the eV mass scale. In this approach we do not exclude the existence of other non-standard massive and mostly sterile neutrinos (for example the very heavy neutrinos in the seesaw mechanism). We only assume that their mixing with the active neutrinos is so small that their effects are negligible in current neutrino oscillation experiments. Hence, the 3+1 scheme can be considered as an effective framework for the study of short-baseline neutrino oscillations.
The discovery in 2011 of the reactor antineutrino anomaly, after the older LSND and Gallium anomalies, triggered the start of an intense experimental activity aimed at understanding the origin of these anomalies. Some of the new experiments have already obtained interesting results, restricting the parameter space of active-sterile neutrino mixing. Among them most notable are the model-independent positive NEOS/Daya Bay and DANSS indications of short-baselineνe disappearance and the powerful MINOS&MINOS+ constraints on short-baseline (−) νµ disappearance. As a result, the global fit of short-baseline data has a severe appearance-disappearance tension that needs to be resolved by the new experiments which already started data taking or are under preparation.
Several new reactor neutrino experiments will explore in the next years short-baselinē νe disappearance with precision and accuracy, making measurements of the energy spectrum at different distances in order to obtain information on neutrino oscillations that are independent of the neutrino flux calculations. Since the original reactor antineutrino anomaly may be due, at least partially, to miscalculations of the reactor neutrino fluxes, the main objective for the new reactor experiments is the check of the model-independent NEOS/Daya Bay and DANSS indication in favor ofνe disappearance. Assuming the very likely validity of the CPT symmetry, the disappearances of νe andνe are equal, and a reactorνe disappearance must be observed also in source experiments with νe's.
The LSNDνµ →νe appearance signal is going to be checked in the Short Baseline Neutrino experiment at Fermilab, but it is important to keep in mind that νµ disappearances. Therefore, if the LSND result is confirmed, its explanation with neutrino oscillations requires a relaxation of the current appearance-disappearance tension. This can be obtained in the following two ways: 1) confirming the MINOS&MINOS+ upper bound on |Uµ4| 2 (either with a negative result or with a positive observation of (−) νµ disappearance below the MI-NOS&MINOS+ bound) and finding (−) 
